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Subject: HydnuPic model studies of the outlet works of /Adaminasby 
Darn for the Australian Snowy Xllountains; AuOio'm, 

PURPOSE OF STUDY 

The objectives of this study were tG'inves-te the flow 
corrditi~ns zhmugh the gate structarrtr, tunnel, a d  sPiXing basin of 
the Adantinaby Dam outlet worDts for normal operation and for opera- 
tion as a divers-hn structure, 

COLUCLUSIONS 

Outlet Regulating Gate Structure 

1, Cavitation would occur i n  the transition as proposed i n  the 
preliminary ciesi.jp from the tuanel to  the 6- by 7. §-foot regulating 
gate flow passages because of the abruptness of the boundary curva- 
ture i n  the top and sides of the transition. 

2, The use of a transition with a top boundary curvature of 3 
radii (4.125, a 8 3 3 ,  and 17'. 875 feet) and side curvature of a 42.75- 
Boot radius will prevent cavitation-erosion of the re-ng gate flow 
pas=es* 

3, F b w  c o ~ k i o n s  i n  the flaw passages upstream cE4k 6--by 
7.5-fcmt outlea regulating gates will be satbfaetory for all outlet 
gate opedogs when the 9- by 20-foot emergency o r  diversion control 
gates are fully opened, 

4, A 48,5-f~ot-long transition from a 25.5-foot-wide by 21- 
Coot-high rectangle to a 25-Pout horseshoe-shaped tunnel with a 
center w d  43.5 feet long a d  tapered in tlxickness fronn 10-5 to 
L, 5 feet in a downstream direction will sattsfactorily direct the 
water Pmm the ou tk t  replating gates t o  tk4uran~tki 

5, The wt le t  works &ill discharge the dessfgn maximam flow 
of 11,900 e l s  when the total head at the gates is 388 feet of water, 
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gates are operated a t  equal openings. 

7 .  Prolonged operation of the 9- by 39-foot diversion control 
gates between openings of 6 feet and fvlly closed (for emergency r 

c losure  of the outlet works might cause cav$mtion damage to the 
9- by 20-foot gates and 6- by '5.5-toot flow p k s s a g c s  t 2  to the re@- 
Xating gates- b 

8,  The coefficient cu rve  of Figure 6B may be used to obtain 
the capacity of the autitct works. 

Outlet Works Stilling Basin 

i . A chute floor having a profile with a LO-foot: horizontal 
sect ion and a trajectory of ~2 = 56Xy produced the best flow con- 
ditions in a stilling brasin of 265 fect overall length. 

2. Two parailel walls in the chute, spaced approximaoely 5 
feet each side of the stilling basin cenierline, which begin appmxi- 
rnateiy 46 feet downstream of the tunnel exit* and slope downward 
in a straight line to a height of 18.75 feet at the end of the stilling 
basin chute, will serve to guide and stabilize the now as it enters 

3. N o  cavitation damage will occur rsa the 5-loot 5-inch-wide 
bv 8-foot 1 - 1 i2-inch-high stilling basin baffle blocks when the UD- 
stresun corners a m  formed by a S-radii curve of 10, 21.25, and 42 
iwfaes, and the Plow passages between 'the blocks converge in the 
downstream direction. 

4. T w o  rows of baffle blocb with the 3-radii curved corners 
pnoduee enective energy dissiwtton in the stitling basin wben the 
first row sf four block is Zscated 27 feet downstream of the end of 
the chute and the blocks are spaced 5 fket 1. inch apart and 2 feet 
6-112 inches from the training walls; and the second r o w  of three 
blocks is located 8 feet downstream of the end of the f irst  r o w  on 
the center line of the flow passages between the upstream blocks. 

5, At a discharge of 11.900 cfs small quantities of water f m m  
waves in the stilling basin may overtop the 49.5-foot high training 
w'itlls, but the riprap protection of the backfill should prevent damage. 

6. The dentated st11 at the enb of the stilling basin will  prevent 
: '+und,ue erosion at the end of the 'basin floor, 



foot to 112-cubic-yard r ip rap  prevent  s e r i o u s  e ros ion  by eddies, 
but some eros ion  by u*ave action may occur on the slopes, 

8. Tire stilliaig basin operation will bc sa t i s fac tory  for a dk- 
chargr of i 1.900 cLs with ihc tail wa te r  5 feet below the c w t e d  
normal clcvation of 3466-5. 

9. The curve of Figure 24% may be used to determine the 
rnitliimtim wii-water elevation required for satisfactary operation of 
outlet w o r k  stilling basin, 

Outlet Works Used as Diversion S t ruc ture  

L, Flow; conditions in  the final des ign  divers ion $at@ section, * 

water parsages, transition, and tunnel sill be satisfactory far all 
discharges to the design maximum of 28,000 cfs, 

2. Flow contiitions in tine diversion s t r u c t u r e  *Pi be best when 
thir discharge is canrrollcrd by equally opened gates. 

3. The discharge through the stilling basin should be Limited t~ 
20.000 cfs if possible during diversion to minimize erosion of the 
backfill and exit channel by wave action. . - 

4. The b,#om Gtiilcner pPP~es  of the 9- by 20-foot gate leaves 
should be pez-foliltqd to prevent cavitation p r e s s u r e s  on the stiffener 
plnte surfaces f o r  rsmabl gate oprnings (0 to 0.8 fect). 

5. A wedge-sicped defier tor t 3-114 inches '\on): and 3 ine!les 
thick at the upstream edgs d the gate slot will d&ect the wate r  
across the slot and give satisfacsorj: pmssures wiithin ohe gate slot, 

I 

6.  The corners nt the downstream sicif: or ti$ gate slot and 
ak flow surfaces imurecbrely domstresns wereadequate& p-wttcted 
bx tire 3-inch u p s r e a m  deflector, the 1-112-inch outward offset of 
the corners f rom the conduit waU, and tl.ze.taper of the dowrestrean; 
frame u-idth from 9 feet 3 inches at the slot to-@ feel i n  a &stance-of 
3 feet 10-l/4 inches, 

7. The diversion gates uiu discharge approximately 31. O W  cfs 
with, a total head of 281 feet  ups t ream of the gates. 

8. The coefficient curve of ~ i g u r k  33B.qy4be  used to de termine  
the capaciv oT the 9- by 20-foot gates and conddits. 

1. Release water front eqraably opened gates to obtain the best 
flow distribution and  the best flow conditions i n  the outlet works 
s t ruc ture .  

3 



do not opera te  the 9- by 209fo6t slide gatesat partid openings for 
extended periods, p;rsticularly at o p e n i n g ~ ~ k t w e e n  6 feet and frrtly 
closed. 

# 
\ 

3, iitclecse water frlon; equally openttd gates whenever possible 
when the outtet works is us& as a diversion s t ruc tu re ,  

e 
4, When possi%le, Wit e k  mlaximurn dfvcrsiotl discharge to 

approximately 20,000 cfs to prt-venit damage dowastream of the 
sti l l ing basin by eddy c a r r e n t s  and wave action. 

A C K X B W L ~ ~ ~ I S T  

The hrydrauLic features  of the Adaminaby outlet  works were  
designed through the yooperainon engineers OF 'r"n+ Austmi-hn 
Govcrnn~cnt, and cng;iheers; of the Dams, b.?cchanicrrl, and H_draulLis 
hboratary Branches of the CommLssioner's Office, Bureau of Rcc- 
'ian;atioal, Denver, Colorado, W 

The Eucurnbne-Tumut  Fmject, loca8ed in  the Snowy hSou:xtainsi 
area of saulthczsterxt Australia (Figure 1) is under the Snowy Maun- 
zzkins Hqd ro-EZrtcf ric Aut'rarifg wthic'r, E a s  e s ~ b ~ ~ e b  i* *ma&- 
q u a r t e r s  at Cooma near the site of constrrrction, approxhafeiy 
260 midus southwest of Sidney. m e  r e s e r v o i r  at Ahminab? Dam, 
about 25 miles  northwest of Cooma, stores water from the Eucumbene . 

River and from the 'Furnub and Happy Jacks. Rivers by flow through 
the Eucumbene-Tumut Tunnel Junction SWS, When. there is insuf- 
ficient ~+x:es in the Tumut River far p w c r  and irrig.ttion, sapple- 
mental  water i s  released ta Tumut Pond fran: the A d a m i ~ s 5 ~  Heser- 
voir through the Eucurnknc-Tatinrut Tunnel. 

An outlet works through the right abutment of the dam provides 
a means far routing 6100~3% Pt~no~$gl.x'~he Ad.mminaby ~ e s e r v o i r  and for 
the diversion of flood watrers,during cons tmct ian  of the dam.. Hy- 
draulic madel s tudies  were x$adle of tWs strucaurc to assure that it C 

would serve the two purposes, 

The outlet works consisti  of a *trashrack s t ruc ture ,  approxi- 
mately 1,350 feet of' 35-foot dirm~eter tunnel, a gate siructul-e, 9 E5 
feet of 25-foot horseshoe tunnel, and a sti lf ing basin 265 feet long 
[Figure 23. During construction of the darn, t a m  9-foot-wide by 20- 
foot-high slwc gates at Station 22+i5 will c a n t r s l  releases from the 
reservoir. As construction of the dan; nears completion, the large 
g'zztes will be closed while two 6- by ?, 5-foot high-pressure s l ide  
gates arc installed in  a block out i3 s h ~ r d  distance downstream. 
After these ga tes  a1-c in  place, they will serve to regulate '#tooter 



be used only for emergency closliare s f  the outlet works. F i m  3 

Water from the upstream tunnel sectioi nwrs through the gates 
into the downstrears ttrnncl sectiioa, down a prsbo3ic chute 148 feet 
long a fall of 31 fi%L and idto a 42-foot-vrlote stiPUag basin 
(Figure 4). Two walls appr0r;irnatcly 1021 feet long which vary in 
height from 0 2u 88-75, feet andi-terminate ax the jurnc&n of tb basin 
floor and chute divide the chute: into three now channels. These walk 
are parallel and 5.378 feet each side of the basin center b e .  

Eight chute blocks 2.5 feet wide by 2, 5 feet high are located at 
z'he junction of the chute and stilling basin noor. The stilling basin 
contains seven baffle blocks 5 - 4  feet wide, 8 feet long, and 8 fect 
high in 'iwa rows located 27 and 43 feet dsmssream of the chute 
b2nrk,cf a~md a deniated sin 8 feet high at ihr: betsin enft, The stilbing 
basin wallts arc! 4s. 5 fect high above the Rook and gm-e a free- 
bard  of a~pproximately 7.5; feet above the computed normal W- 
wyter ele'crntion for an outlet works disckszirge of 11,900 cfs, A 
tiprap bla~nket exlending approximately 1175 feet downstream of the 
basin exit will  protect the exit channel from erosion, 

1s VjESTfGATIQtli 

ChP tlet SVO rks 

Descripticra of madel. A L:30 sicale faydr.autic rnotEcl at Xhe 
gate structure, tht? horseshoe tunnel, the s4ilUag basin, and a partion 
of the dr\wnstream exit channel of fke outlet works was constnncted 
(Figure 5Af, Water. was supplied to ?be m d e l  fmm a 12-i~eh cen- 
trifugal pump and measured by Venturi meters, The water from the 
Laboratory supply Line to the model -wed thmugb an 8-inch gate 
valve, o 90" vaned elbow, and a &-fool. length cat $-inch pipe con- 
taining a 6-vane flow straightener. An expaudiag section from the 
6-inch diameter pipe to the LO-inch diarneer upstream of the gate 
section was used to attach the piping to #c model, 

The mode1 gate structum was ctursrruc;ted in sections consist ing 
of the upstream trarsition, the diversion o r  emergency gates and 
f b w  passages, the outlet regulating gates and flow+ passages, and 
ihe tiownstream :unmel tmnsitioc; \Tipre 5 3 -  W.s knodel flow 
passages below the emergency gates were intercherng-eable with the 
regulating gate structure [Fignre SC) to facilitate testing of the outlet 
a& ..'Uiver&fi.n- s~httmes- Qbsiar~aSon of the flaw was possible tkrrougb 
a transparent plastic section between one diversion gate and the 
corresponding regulating gate (Figure ?A), Flaw conditions in the 
horseshoe turnel downstream. a? the model gates were  visible in 
plastic sections of the tunnel Figure 5X). 

The stilling basin was constructed of w w d  to faciliakte m d i c a -  
tion, The training w*aiIs a d  stilling basin tlsor were Eastenred to a 



. -* 
unit was then fastened to the tail box containing a n  crodibfe bed 
material of sand (Figure SA), A wrjwble-crest w e i r  at the end 
of the tail box was used to control  the tail-water clevatioa. Dimen- 
s ions  and quantities r e f e r r e d  to it1 t h e  following discussion are f o r  8 

the prototype structurtr unless  otherwise noted. 

Initial olkservations. A concentration of high velocity water from 
rht: jets of t h e  regulating gates passed through the transit ion below the 
gate stmctum to cause a nonuniform distribution of water i n  the tunnel, 
The water flowed from the tunnel exit through the sti l l ing basin chute 
as a jet appmximatel~ equal to, the 25-roc;: width of the tunnel, The 
unequal di?;triblrtton of flow in the chute prevented effective energy  
dissipation in the sdlling basin. This resulted i n  a surging of the 
*water in the basin and 'She formation of large waves in the exit channel. 
Thcsc observations discEosed the major part of the hydraulic m a e l  
investigation would be concerned with the s t i l l ing basin unless  m d i -  
Cicatian af the gate structure and tunnel rouPa prrrdolcc an equal  dks- 
tribution of t b w  p e r  faof (31 width in the stilling basin. rModifications 
of the gate structure and tunnel were studied ta determine the  feasf- 
bility of inc. proving conditions upstream cxC t!!* stitking basin. 

The Gate Struc ture  and Tunnel 

Preliminary ent rance  to.tbe 6- by 4.5-foot reguhtirn te Row - 
passages (elliptic-raetionsf . Water flowed from thf%Uy open 
diversion gates through transitions to the regulating gate now pas- 
sages, The bottoms of the nou* passages were horizontal and con- 
tinuous with the bottom of the divers ion flow passage, The t op  and 
two s i d e s  of the ' tmnsit igns were canzractcd by ell iptical  cu rves  
from rectangles 9 - 4  faef high by 7 . 9  feet wide t o  rectangles 7.15 f ~ e t  
high by 6. O feet wide i n  a distance of 4 feet, The length of the regu- 
lating gate flaw passages, including gates, was 33 fee t  (F igures  6A 
and 76). 

Piczomlclters w e r e  installed o n  Pile cen te r  tine of the ent rance  to 
one trarrsitian, 20,IS feet above the floor of t h e  conduit. in the tog 
surface of the  transit ion ax the junction of the two ellipticat c u m s ;  
and in the top, hatton;, and sidrlts of the flow passage 18 feet down- 
stream f mm the transition lentsc:nce (Figure 6A, prclirninary design), 4 

The piczomcters 'iocatcd 18 feet dowtas.oseam f rom the e n t m n c c  wcre  
used as a p r e s s u r e  refercnce snd far calibration of the gates. 

* 
Prcssurcs i n  the transit ion wcre sa t i s fac tory  for discharges up 

to 5,300 cfs corresponding to a gate opening of ? , l 9  feet and a corn- 
ptrted total  head of 308 feet of xuater at the transition entrance, 
P r e s s u r e s  in the transit ion were subatmospheric  f o r  a discharge 
of 5, $00 c f s  with the gate fully opened 7.5 feet  indicating that cavi- 
tation would occur at the junction ab the tc~p and s ide  wall sur faces .  
The cavitation pressure extended f rom 1-foot dowrrstream of the  
transition entrance to near the end of the transition section. 



(liecause of p&ksiblc &vitation-erosion h the flow passages sf the 
mgutsritrg gate srmcturc, 

Recomrnded entrance to the regulating gate flow passages 
' 

3-rad;ik curve . Flaw in the regdating gate flow passaps appnoxi- w mapea two- imensiolwZ flaw bemuse of the relatively small i .  5-fooZ 
side contractions at fhc upstmam ends, The elliptical side wal l  
surfaces y r e  replaced by side walls of13 foot 9 inch radius that 
inrelrsected the sides of the diversion flow passage at the transition 
entrance and were tangent PQ the s ides of the outlet'Elow passage 
1 L feet 3 inches downstrean; of the entrance, The curwature of the 
top surface of thc transition was changed to a 3-radii approximate 
cllipsc c7 semimajor axis sf I I feet 3 inches and a semiminor 
axis of 6 fret 7- 114 inches (Figure: 6A). T k s e  clmnges reduced 
the abruptness of the wall c=lrvature and thus the tctedency for flow 
separation. 

Fiezometers were laeated in the nolael srahsitior* a6 the junction 
of the top and side surfacgs and ut the center Pine of the top sui-faces. 
Welerencc piezorncters were placed 20.75 feet above the floor of 
the entrance and in the top, bottom and sides of the flow gassage 
18 feet downstream of the entrance, as in the preliminary dr!s@ 
(Figure Gd), Prcssurcs were satisfactory at all piezomerter 
loeations for a discharge of 5,950 cfs  with the gate bully opened, .- 
Pressures at the junction of the tap and side surfaces u-em appmlcl- 
rnately equal ?a those .st the center line of the top surface (Curves 
B and C, Figure 6A). There was, howevex; a reduction ia pressure 
at the top near the downstream end of the tragsitba seetiten, This 
was attributed to a higher local vetacity at t& p i a t  than that a% 
the end of the section, An increased radius of curvature of $he 
flow surfaces in this section WUM decrease the veloclQ and increase 
t k  pressure. Xo study was csnduc2ed %r increase the radius because 
the suZlratmosphcric pressure of appro~ir~ate ty  1.5 feet of water CK 
the surface was higher khan a minus i5 teet i;llowabh as 2 design 
criterion, The pressures and discharge: capacity were satrsfactory 
for the regulating gate: structure, 

Single gate discharge, FKow conditions in the transition down- 
stream of the gate structure were sahsibactrcry for single gate 
operation, m e  water \was not uaiformly distributed ia the tunnel 
because of water ridges that formed near the downstream end of 
thsl transition. These ridges were wficcted from sMe to side af 
the tunnel but did not causc serinug concentration of the flow. -The 
stilling basin efllcctivtrly d i s s i p t e d  the e n e w  of the 5,956 cfs dfs- 
charge flowing fron~ the tunnel (Figures 7B and C). 

Flow from regulating gates (prchinarqV transition dividing wall, 
43.5 feet bna. Water trom the regulating gases [lawed through the 
transition into the hoirscsta~? tunnel below the gate 'structure. The 
transition changed from a 25 O-wSe by 2l-foob-high rectangle 

7 



48.5 f6et &rtkc rhowns t r eam.  The jets from the Bwa r cguh t ing  gates 
were separated within this transit ion bx a 43.5-foot-long wall on the 
transit ion cen te r  line, The wall, 10.5 feet thick for a dis tance of 
7.0 fee t  dow*&tqeam from the  m g u h t i n g  gates, was tawred to a 8 

thicknlrrss of 1.5 feet in  a dis tance of 36-5 feet (Figure 8, \Val1 A), 

There was an  uneven distribution oh faow* in  the t ransi t ion and 
tunnel. Water jets from the ga tes  w e r e  confined ax the  outside and  
bottom by the transitio~r but were uncocflned at the inside and top, 
A 1.5-foot offset of the inside vertical wall at the end of the gate  
section (Figurc 8) allowed the jets to diverge t0w.ax-d the center l ine 
af the transit ion,  A longitudinal ridge of water formed in the  cen te r  . 

of the tunnel the jets of water flowed toge ther  downstream from 
the end of the wall. Two r idges  formed against  the walls of the tunnel 
ax th@ w%tcr'was crowded toward the  c e n t e r  Line at the outlet  works  
by the conrcrgencc of the transition, The w a t e r  ridges combined at 
the center of- the tunnel tcr form a s ingle  fin 17 fect'high at a min t  
90 feat dowrrst~-ttana of tk end of the transition (Figure 9A). The flow 
through t h e  tunnel was s u c h  that alternate peaks and t roughs of di- 
minished amplitude were toraned at t b  cen te r  line. H e a r  the exit  
portal ot the  mnnel the peak was predominate a d  a concentration of 
water occurred at the c e n t e r  of the stilling basin chute, 

it H ~ S  believed that flow corrdfeians ia the tunnel would be im- 
proved by an increase in the 'length of the t rans i t ion  and  the center  
wall. Afi increase in the length of the transit ion,  from the 48.5 
feet of the preliminary design to  approximately 145 fee t  was con- 
sidered necessary to prevent the crowding of the water at the side 
a .  This change was not tested because the incriiased esnstmc- 
tion cost did no: seem justified. Studies were made of the wall  
within the transailon to determine  i f  a c k m g e  i n  its sha- would 
improve Row conditions in the t ransi t ion a d  tunnel. 

Dividing wall 100 feet long and 13-5 feet thick, A wall 180 feet 
long and tapered from 13.5 feet thick at the end of the outlet gate 
stnbcturc. to L, 5 feet thick at the downstream end HMS first tested 
QwaU B, Figure 8). The %*all+thickness was increased  to 13.5 feet  
from the 10-5 f e e t  of the preliminary design to prevent t h e  diver- 
gence at the inside flow s u r f a c e s  of the gate jets, A controlled 
divergence of the jet toward the cen te r  of the tunnel was accsmpUshed, 
but  the increased wail thickness at the end of the tunnel transit ion 
caused a reduction in  the flow area and an increased depth at the siGe 
walls. The ridges at the tunnel wal l s  were approximately 1.5 fee t  
higher than in  the preliminary &sign (Figure 9B). The rMge height 
in the tunnel cbwnstream of the dividing wall was reduced, bu t  t h e r e  
was no impmvemenP in the unequal distrikutirrn of flow i n  the tunnel 
and the stilling basin chute. 

A dividing wall 
13.5 d to 1 .5 fee t  ina 



(Wall C, Figure 8). The height of the ridge downstream of the wall 
end was approximately 4 feet less than with the f i r s t  wall. The 
depth of water at the sides of the tunael was approximately equal fo r  
a k  two walls (Figure 9C). This wall did not improve the flow con- 
ditions in  the tunnel and stil l ing basin. 

A3 a result  of the wall studies, it was concluded that no major 
impmvement of the flow conditions fn the tunnel and stilling basin 
could be obtained unless both the transition below the ptes and the 
wa1I were modified. Altbu'gh the flow pattern was undesisabiie 
from a hydraulic standpoint, it would cause  no damage to  the transi- 
tiqn and tunnel. The preliminary transition and 43.5-foot-long wall 
were accepted for  the outlet works. 

Capacity ol outlet works. The discharge capacity was d8ermined  
f o r  the outlet with the recommcfided flow passage entmnce, the 48.5- 
foot-long tunnel transition, and the 43.5-foot long dividing wan, A 
maximum coefficient of discharge of 0.94 was obtained f o r  %he maxi- 
mum gate opening of 7 . 5  fee6 {Fwd 6B). The discharge capacity 
of 11,900 cbs f o r  a total head of 208 feet of water  at the emtrance ta 
the regu'iati~ gate structure was satisfactory, 

'. 

The Stilli'zg Basin f 

Preliminarz chute floor rot& with t rajectory of X* = 420~ .  
When water -flows in  a partly 5- ful curved bottom horseshoe-shaped 
tunnel, there is n natural. concentration of water  at the cen te r  andl 
this concentration continues io some degree wheri the faow passes 

4; down a chute with a trajectory profile floor, Concentration ~f this 
nature at the oatlet portal of the Adaxminaby outlet tunnel was a c  4~ 
centuaacd by tst. flow pattern in the transition below the gate struc- 
t u r e ,  With the velocity of 95 feet per second at this paint; the 
concentration continued through the chutc and 'into the stil l ing basin 
causing a decrease in the effectiveness of the basin. It was believed 
that Ule basin action could be improved if the natural concentration 
,caused by the curved bottom of the horseshoe tunnel could be reduced. 
A 50-foot-long transition from the curved bottom of the  horsesbe 
section at the upstream end to a flat W o r n  at the chute entrance 

" 

partially offset the concer r t~ t ion ;  but, the water did not spread tQ 
a uniform depth on the widening R s o r  of the chute, The unequal &- 
Xribution of discharge per foot of widtb of the basin resulted in ex- 
t r eme  turbulence and waves overtop~i?d the training wa&. Siase 
emsioc-of the dawnstream toe of the *dam and the r i v e r  cbaneX 
adjacent to the stUUng basin exit m i @ ~ ~ e s u l t  from such seven? 
wave action, a modification of the sti l l ing basin seemed essential. 

A m o r e  gradual s'bping of the  chute floor to obtain additional 
spreading of the  jet bcforvl it-entered the basin was considered as 
a meanS of improving the stilling pool action. 

* 



profile lor the chute floor was ck~~~puted for a tunnel exit v;locltf of 
95 feet  per saxond. Zlte hor izonhi  length of the chute  with this flaor 
profile was 138-23 feet, approximately 20 feet wager than the pre- 
l iminary chute, f o r  the same 34-toot change of iiievatioa between the 
tunnel  invert and stillingibasin floor. The origin of the t ra jectory of 
the &utc f i w r  profile was located 10 feet downstream of the tunnel 
exit (Figu~w 10). This $tOrizontal section between the tunnel exit  and 
the origin of the trajectory provided additional dis tance in whicti the 
concentrated tunnel flow cou td spread. 

An improved distribution of the flow per foot of width of the basin 
was obtained, but a concentration of water still occurred  d o n g  the 
center line of the basin (Figures I 1A arad B). The chute! length was 
insufficient to force the wate r  to spread xo a uniform depth before it 
reached the bsfrin. 

Chute f l ~ r  profife with krajectory of x2 = 695;. A further in- 
crease in  the length of the chute b h r  "Lrjecctory to 153.7 feet f o r  a 
34-foot change of cler*atiorn (Figure 10) did not mmteriaP'iy reduce the 
water concentration. Sevcre turbulence and waves occurred  i n  the 
basin and bownstrleasn of the basin exit  and in  the river channel 
(Fay re 1 1C). Eros ion  of the training w a l l  backfill and the  r i v e r  
channel would result S'mm waves that overtopped the walls or  passed 
through the basin. This chute W C ~ S  unsatisfactory because the short- 
ening of the s:illirig basir .  reduced its c f fec t ivencs~ .  

The chute floor with the  x2 = 5624. pmf31e was selected for 
further strrc3y because it produced the best  oyerall flow conditions 
within the fixed combined length of 265 feet for the chiute and stilling 
basin. The use sf this chute, with pmper ly  s i z e d  atdl ar ranged  chute  
and baffle blocks in the  stilling basin, a f f a d c d  a possible sotnction to 
the prabiern of obtaining effective dissipation of energy so the s tudy 
was contitltred with Phis i n  mind. 

Chute blacks. Small turbulent eddies dissipate energy  m o m  
rapidly than large eddies and with less possibility of damage t o  a 
soilling structure so chute blocks were instal led to induce s m a l l e r  
eddres. Four chute blocks, 3 feet high and 5 feet wide, s p e d  
5 f4ct apart with a 3.5-foot space between the end blocks an& the 
training w a l l s  were placed at the end of the chute  (Figure 18B). 
These b l m k s  did not redis t r ibute  the chute noan.  sufficient^ for 
effective energy dissipation, To obtain better d i s t r i f ru t i~n  at the 
&asin entrance the four blocks were replaced by eight smaller blocks, 
Thesc blocks w e r e  2.5 feet  wide, 2.5 fee %gh, and spaced 2.5 feet 
apart (Figtare LQC). The d incns ions  nv. . , .acing were based on da ta  
from studies. previously made in the lab ., ,nary (H,ydraulic .Labra- 
tory Report Hyd-380)- The basin flow mri&tio~s were not improved 
riioticeablg- because the wate r  rvas still cancentmted  along the cen te r  
l ine of the chute and t h e r e  &';IS little change in  Z k  tuxmbulcnce, 



blocks in  improving the s t i l l ing basiri ac t ion  indicate the need for 
baffle blocks o n  the basin floor. F o u r  5.5 fee t  wide, 8.12 feet 
high, and 7,2 feet long blocks were located 27 feet  downstream of 
the chute blocks with a 5-foot space between them and with a 2-5- 
foot space at the t ra in ing  wal ls  (Figure lOD), Central hprovement 
in  the effectiveness of the basin resul ted from the  use of the baffle: 
bloc'ks. Water concentration-aloag the c e n t e r  line of the basin wasz 
dispersed by the: blocks to in3wllstr the  effect iveness  of the basin, 
IVavcs were still present but there was a reduction in the i r  height 
and less overtopping of the training e l l s  occurred (Figup2 12A), 
Prnprovement in  the basin action was suf f ic ie r t  to recommend the 
use of baffle bl~cks, but more improvement was desirable ,  

The :low appeared to  move from side to sLde in the stilling 
basin. Sewre waves and turbulence occur red  at the time the flow 
was coroeentrated a l ang  the training walls (Figure 12B). To & k i n  
fu l l  benefit of t h e  baffle blocks a d  ta provide a &Pisfactory s t i l l ing  
action, it was necessary to stabilize the flow. 

Chute dividing wvalls 34 test high. Two wails were installed 
appaaximately 5 feet each  side of the b i n  c e n t e r  +e o n  the noor 
of the chute to s tab i l ize  the floww, 'X-kse walls, with the tops hori- 
zontal, were appniximately 138.2 fe& Lmg, were parallel to the 
chute cen te r  line, and w e r e  34 feet high at the stilling basin en t r ance  
(Wall A, Figure 1311, and  Figure l a ) .  Wate r  %wing i n  the chute 
was guided by the walls in  three separate jets to the stiUing basin. 
The walk$ stabil ized the jets and[ caused ?hem to subwkrge and flow 
=lose to the noor of the stilling basin. The effectiveness of the 
stilling basin w-as increased  because more of 'Ihe water flowed against 
thc chute floor and baffle blocks t o  give a more even distribution of 
the now. The su r face  roughness was measurably  reduced by the use  
of the svzills (Figure 14B;. Energy dissipation i n  the s'tif;ling basin 
w';ls sat isfactory but it was apparent that the length and height of the 
chute dividing walls could be reduced. However, before any tests 
were made to de te rmine  the ~ptimum height for these walls, their 
alignment and spac ing  were studied. 

A divergence of tlrc dividing walks in t k  downstream direct ion 
to  spread the jet caused the water t~ be deflected upward on the t ra in-  
ing wa'll.sides of the  walls, This resul ted in a ridge of water high- 
than the  t o p  of the walls, less subrnergeacc of the jets, and a rougher 
stilling basin action. A convergence of the  qlk  increased the  con- 
centration of water near the chute c e n t e r  MY(? and resulted i n  a rougher 
basin action. Parallel walls  proved to be the best arrangerneat, The 
space  between the parallel nralls could be varied from 8 to 12 f e e t  with 
no visible change in the stabil i ty of the now. A 10-foot spacing, 5 leek 
each s ide  of the c e n t e r  line, was selected f o r  the dividing wal ls  ~ a r  
ahicl: tlw height was to be varied,  



the jump, app-mximstely 84 Z e e t  dowmtneam ot the tunnel exit, varied 
from approxin:ately 3 feet zit the wall to 12 feer a0 thc? chute center line 
for the maximum dkich;lb~ge and normal tail winter, The w a l k  were  
wade 12 feet high at the end of the chute with their  tops sloped ugu.alrt 
from this height to beerrme %,ngent to the ehute floor approximateb 58 
feet downstrean; of the tunnel exit, and were spaced9 5 feet each &-le 
of the chute ccntes l i n e  C'bVaU 3, Figure 1323). b 

Operation of the model with these walls disclosed less effective 
energy dissipation than with the 34-fost high walls, The: directbrs of 
the f low was trot cumpletely stable a d  the wave heighr was increased 
(Figure 84C), The energy dissipation was somewhat impravedl aver 
:hat for the basin without walls (Figure 1%) but  the PI',-foot walls were 
no; considered so be of sufficient height, 

Chute dividing w a l k  15 feet high. Walls  15 feet high and apyrmxi- 
matclg '30 feet long (WtrlP C, Figure 13A) improved the effectiveness 
of energy dissipation over that for the 12-foot-high walls (Figure 148). 
The water f rom the chute still did not submerge: to flow along the floor 
sf the stilling basin. The turbulent &dies were smallerr than with the 
lower' walls and there was less water overtopping the training walls. 
Funher improvement in  flow conditions was detsirakile so a hlgbr 
wail was studied. 

Chute dividing walls 38.15 feet high [reccomlmne;nded design&, 
The wall height was further ancreased by increments of 15 inches 
until a height of 18.75 feet and a fetlgtkt of approximately 102 feet 
was represented on the  model (Wall D, Figure 1 38). Bbse natioas 
of the flow stability and basin turlbulance for  each of'the three wall  
heightis disclosed that the: effecdveness of the e&?rgy dissipation with 
the 18.75-fcwt high walk was appmximately e q u d  to Pihat for the 
stilling basin with 34-foot high walls. The other wall heighbs~wesc 
less effective, The turbulence essentirtlly confined within%e 
szilling fufsia and only a few waves w e r e  of sufficient height to overtop 
the training waPEs at the maxinztrm discbarge (Figure l5B and GI. 

An erosiar, test was made to determine the efferSiveness of the 
stilling basin with the 18.75-80~t w a l l s ,  the 2-5-foot chute blocks;, 
and the preliminary baffle blocks, The channel contours were formed 
in sand and covered with approximately one layer of crushed rock  
representing 18'2 cubic foot to 1/2 cubic yard fipt?ip (Figure I6A). 
The model was operated for 8 hours 35 minutes (approximately 2 d a y s  
prototype) at conditions representing a discharge af t l,  908 cfs and a 

h 

tail-water elevation of 3466.5, Erosion of the exia channel w a s  not 
severe. Wave action and an eddy at the  sloped right bank removed 
sand f m m  beneath the riprap near the end of the cutoff wail. The sad 
u-as moved down the slope and deposited dowarsPream of the stilling 
basin exit. A part of the riprap was carried down .fk slope but the - 
most settled in place as thc sand was removed (%ipre 16B). The 
18, ?5-foot high wills were adopted because they stabilized tte chute 



ii-the dowAtream chanml uGs not severe, However, fui-thcr study 
of the basin was desimtile because of possible cavilation-damage to  
the preliminary baffle blocks. 

Cavitation-erosion of baffle blocks, Cavitation-erosion has 
occurred on the  concrete surfaces of stilling basin baffle blocks w k n  
they were nGt adequately streambed in She direction of flow, The 
pre1ixxinar-y baffle blocks Uere rectangular in cross section and 
would require szreamlining at the upstream corners to prevent 
dan:age by cavitation, Streampined blocks are less effective energ3 6 

dissipaters than rectangular blocks Seesuse the head loss is less 
for streamlined flow contractions than for abrupt conLractions. 
Therefore, a larger  number of streamlined blocks than rectangular 
blocks are required to obtain comparable s u n g  action, 

Baffle block c i t h  upstrean. corners srreamliPed to jet profile. 
Five Mflc blocks 5 feet wide, 6 feet long, with streamlined upstream 
corners, spaced 3 feet apart and 2 feet from the training walls, were 
selected for study, The upstream c o m e r s  of the blocks were shaped 
to the profile of a jet from a slot. The jet profile corresponded to a 
contmction of approximately 8.65, The coat raction coefficient was 
based on tkat ratio of the 8 foot width between the block c e d e r  lhes 
a& the 3 foot width of the flow passage between the blocks F i g u r e  13B). 

A subatmospheric pressure of approximately 2.5 feet of water 
(model) occurred on the boundary near the tapstream. end d the model 
baffle block for the maximum discharge (Figure 13%). This pressure 
indicated thaf cavitatioa-damage would occur on the proto!ype, The 
curwature of the bsundary was too abrupt and the blocks would be 
unsatisfactory. 

Baffle blocks with beveled upstream corners. The upstream 
corners of the blocks were beveled to cooverge tk 6-foot-long flow 
passage from a width of 4-62 feet at the entrance to 3 feet at the 
mid-point in an attempt to  eliminate cavitation pressures, The 
beveled corner wms intended to cause the flow between the blocks 
to sepamte fmm the surfaces at the upstream edges of the blocks ', 

. and contract to the width of the space betweea blocks, A subatmos- 
pheric pressure of approximately 10 feet of water @rotatype) occurred 
near the  upstream corners of the blocks (Figure 13C), This indicated 
i b t  the amount caf bevel, o r  offset of the upstrearc edges from the 
sides of she blocks would be an important factor in obtaining satis- 
factory pressure conditions, Also, sharp corners would be! necessary 
at the edges of the entxance to the Plow passage. The installation of 
metal angles to preserve the upstream corners was not considered 
practical so additional tests were  confined to streamlined shapes, 



------ ------ ---'-- - - -  --- - -  -- -r------ -- -- - ------------- . A baffle block with $he upstream edges stmamined by a 
curve (10, 21.25, and 42 inches) was next selected forstudy.  

The I@-inch radius of the 3-ram curve was tangent to the ups t r eam 
face of the 65-inch-wide block 1 1.5 inches out  f ro&l the cea te r  ]Line, 
The 42-inch radius was tangent to the beveled %ice of the block 24 
inches downstream and 27.5 inches out from the block cen te r  line, 
The flow passage between blacks was converged from a width of 46 ,- lr 
inches a t  this tangent paint t o  36 inches at the downstream end of 
the 8-foot-long block Figure: 13D). The block length had been in- 
creased Prom 6 feet to 8 fect to increase  the s t r u c t u d  resis tance 
to the overturning farce  of ttwr water  y ~ s s u r s  on the 8.12-fcroa-high * 

block, Pressures along the boundzcry were above atmosp'hertis f o r  the 
maximum discharge of l I, 900 cfs and tail water  cleraaion io& 91666.5 
Ccct (Figure X3D), Tk pressures  on the blocks were sa tb fae to ry  

, but five blocks (Figure  l7A) did not seem to effectively dissipate the 
cnergy of the chute flow. A higher welocity of flow thmcrfr the basin 
with the streamlined bloekj caused a general deerease oi :'r water 
surface elevation in the stilling basin, An incmased ~ V B  :ti014 inti 
aurbuiencr? extended downstream into the exit chrrntslel (F& {nth, 17B 
and C). Tic shape sf the baffle block was adopted because it was, 
.free of cavitation pressures, but further  investigartiotr was reqaired 
.to determine: the proper arrangement of the blocks, 

Asrzngement using nine baffle blocks. Since the five sareramlined 
blocks did not cause a head loss equal to that af the four preliminary 

. blocks, n second m w  of four blocks was added 8 feet downstream and 
on the centeraline of the flow passages of the arso r o w  to  incr~ase 
the head loss (Figure lab). An increased turbulence and wave action 
resulted h s a u s c  more of the floww from the chtlte was deflected over 
the blocks by the inc'kased resistance, The effect on the flow n e  
s imi la r  60 that of a low wall placed across the basin at the position 
of the $I&ks, The stilling k s i n  action was not satisfactory for this 
o rrangcment, 

Xrrarugcment using eilgh.t baffl& blocks. A row of four blocks 
equally s m c e d  across the width of the  basin  was placed 27 feet down- - 
stream of the chute blocks, A second row, 8 feet fa r the r  downstream, 
contained three  b l o c k  on the center  lines of the flow passages sf the 
upstrcam blocks and a half block at each training wall (Figure 18B)- 
The r e s i s t ance  to flow \ w a s  decreased by this arrangement qnd re- 
sulted in an  improvement of the stilling action along the c e n t e r  of the 
basin. Water flowing between the training walls  and the outside . 
blocks af the first m w  was deflected upward by the half blocks in 
the second raw. The. waves cawed by the upward deflection of the 
water overtopped the training walls to make the arrangerncrrt unsatis- 
factory, 

ArrangcmcnP using seven baffle blocks (recommended design), 
The lront r o w  of blocks was spaced to reduce the quantity of water 
flowing between the training w a l k  and the eutside blocks. This 



1 inch and dec&ased the space between the.blocks and training w a l k  
to 2 fcct 6-1 12 inches, The half blocks a t  the training walls in the 
second row were climimted and three blocks were  placed on the flpw 
passage center lincs of the first row (Figrures 18C and I9A). 

T h e  cffectiwntlss of the seven-block arrangement was cornpar- 
able to that of the lour prrth;liminary blocks, but a smal le r  pareeatage 
of the wavt-s that formed in the basin with the sewn-block arrange- 

' 

ment overtopped the w3llrz. This occurred becawc of a<generally 
l ~ ~ ~ i . e r a d  water surface caused t ) ~  a slightly higher velocity of flow 
through the stn?;rmEned bffle'lrlock and the basin, The major, 
dffllcrcncr between the two design%. occurred at the basin exit where 
the torhalenee and u-ves extended farther doumsdream with the 
seven-block arrangement (Figures 19B and ea srwf Figure 15). 

An erosion test wils made to compare. the effeetivetless of the 
arraslgenrtint of the seven streamlined blocks with that of the-four 
prclin-inn? blocks. Thc river channel was formed with saa-ld a d  
cms'ried t - w k  was- placed on the slopes and floor of the downstream 
channel ra represent i J2-cubic-yard to 162-cubic-foot r iprap 
(Figure 16A). 

Operation of ?he model for 8 hours and 35 minutes at a discharge 
representing 11,900 cCs eaused a n  erosion at the ~ i g h t  bank af the 
exit channel and a sand deposit dowrrstream of the basin exit. Ero- 
sion by the eddy at the rig'mi Bardl was less extensive in the test with 
tfbe strearnliued.blt3cks and resulted in a decreased sand deposit at 
the exit of the basin (Figure 20). In the eroded area, %he sand and 
the rock had settled downward and shifted toward the basin exit, 
The deposition of material on the Q~umstreasr! slope of the dentated 
sill indicated thsre \vould bc m s  undermining or the basin floor at the 
exit and that no material would be carried by the water over the sill 
into the 'basin. The riprapped s lops  should adequately pmtect the 
basin cutoff waLb and cbrnnel immediately downstream. The effect- 
iveness of the a n e r E  dissipation was satisfactory, as evidenced by 
tke erosion test. The stilling basin using seven baffle blocks was 
recon~rnended (Figure 4). 

Operatiner; Characteristics of ~ e c o m m e & ~ : ~ m t l e t  Works 

G&erzil now eondibions, With the coxnpktion of the stilling 
W i n  investigation, the outlet wi;trb was considered hydraulically 
satisfactory, Further studies were made to record opcratioaaP 
characteristici fo r  bath intermediate and maximum discharges, 
Flow conditions. through the outlkt works were satisfactory for the 
gates equally opened 25, 50, a+ 75 percent of full open at maximurn 
design k a d :  Discharges for these gate openings were, rcspetfvely~ 
2,250, 4,640, and 7,660 cfs (Figures 21, 22, and 23). 

The ridges of water originating in the recom- 
mended downstream tunnet transition were not icrious although the 



;Idequoic for all discharges and was filled approximately 20 percent 
at the dcpwnstream portal f o r  the maximum design discharge of 
l B, 900 cfs, 

Flow in s t h l l i r r g  basin, The water was distributed to a nearly 
unifornr depth in  thc stiuing W i n  lchure for 8isch;rrge.s to approxi- 
mately 3,006 cfs, Betwcen 3,000 cfs a d  i i, 900 cbs, the concentra- 
tion of water  about the chute center  krr increased with disckrgf?. 
The two, 18.75-foot- high dividing walls in the chctk stabilized the 
flow for all discharges, Effective energy dissipation occurred  with 
the 2.5-Caot-high by 2.5-foot-wide chute blocks (Figure 13A) and tk 
seven 8-foot-high s t reaml ined  baffle blocks ((Figure LIBC). '&he 8- 
foot-high dcntated sill at the basin exit deflected the  flow upward to 
pmvcnt e ros ion  of the  exit channel noor. Turbulence and wave 
action increased  with discharge but PIow conditions in the  stilling 
W i n  wcrc  good. The r ip rap  protecticzn of the exit  channel was in 
gtncral adequate for the waves generated by t h e  basin. 

Tail-water elevation required f o r  basin opcratkon, The maximum 
solid water surs'ace in the s u n g  basin for a pfisebrge of 11,980 cfs 
and a t a i k w a t c r  elevation of 34166-5 indicated a training: wall free- 
Wrcd of 7.5 feet (Figure 24A). Waves ca r r i ed  wa te r  o v e r  t he  walls, 
but no scriou~s damage should occu'r to the  kcMW protected by rip- 
rap (Figure 4). When the tail watel was lowered to c l e ~ t i o n  346L. 5, 
5 feet b l o w  the norma l  elevation of 3466.5 f o r  a d ischarge  of l l , 9 0 Q  
cfs, the  upstream end of the jump moved downstream and the chute 
biacks were vksible, The upstream end of the jump moved t o  tie 
baffle blocks when the  tail water  was decreased  to elevation 3456, I 0  
f ee t  below the computed n o r m a l  tail water. Tail-water elevation beGW 
3456 allowed the wa te r  to deflect  up and over the baffle blocks  through 
tw downstream end of the  stilling basin and into the exit channel. 
5eGerc emion cfiimagc t o  the exit channel would resul t  from operation 
of the basin at the maximum PfkcTn;frgc with a e l  water  below elevation 
3456. 

Hchsse of water  through the outlet  works f o r  routing A l d  waters  
may be necessary  with the exit channel and r i v e r  at Pow- stage. To 
prevent a swcepcwt of the basin at any discharge when the gates  are 
first opened, the gate opening t h e  shmld:be coatroPled to a n o w  the - 
td ' l-wster elevation to acijust to the minimum ePevatioa shown on 
Figure 248. Control of the discharge in this manner  would prevent 
any damage to the stilling: basin and exit channel by the j ~ m p  being .I 

swept from the basin, 

Operation of etes ,  Flaw coaditions at the nxriximurn design 
ead were  observd for unequal opecxbgs of the gates, Interference 
f the: unbalanced quantities of water from the gates caused ridges 

t o  fo rm in unsymmetric;ll gmtterus in the tunnel. T h e  ridges within 
the tunael were not olbjeetionable but the water conccn9r;nted along 
one training wal l  or the other,  depending a n  the flow* unbalance, to 



iveness, Howcvrr, NQVCS generated i n i h e  basin by the unbalanced 
f low did not ser-iously overtop the training walls. Although no mate- 
rial was deposited in the model basin, some bed material from the 
exit ckannel might be moved into the basin to cause an abrasive 

' 

danzoge ta the Qoor and walls, Better  flow conditions resulted from 
a symmetrical  operation of s, but no critical acrion should 
resul t  from operation a t  un 

Coefficient oh discharge f a r  outlet gates and flow passages, 
A c o x c i e n t  of discharge curve for the recommended outlet eate 
s t r u ~ t u r c  is showm in  ~ F g u r e  6B. The capacity of the outlet Gorks 
was approximately ill, 900 cis for both gates gully opened and opera8,itag 
ax a total head of 308 feet at the entrance to the gate section. 

The 9- by 20-foot diversion 
osure  of the outlet works 
gula-g s l ide  gates,  Flow 
gate was operated to repre- 

sent emergency closure with t f i ~  discharge f rom the gate passing 
throrrgh a fully opened scsulating $ate, With no ,;air admitted t o  tbe 
c*mmber between the diversion gate arad the entrance to the regulating 
gate s t ruc tu re  Figures 3 and 7A) the pressure in  the chamber was 
above atmospheric fac diversion gate openings from 20 down to  
apgroxinrately 6 feet, At the 6-foot opening the area under the Large 
gate was appmximatel j  equal no the area of the wide open regula tbg . 
gate and the jet p d u c e d  a n  ejector  action. This action resulted i n  
a partial evacuation of the water fmnr the chamber and a reduction 
in the pressure  above the jet, As the gate opening-%*as decreased 
to appmximatelg 0.5 foot, the p r e s su re  in  the sraodcl chamber was 
reduced gradually to a ~ubatxnospheric pressure that scaled to  vapor 
pressure for the prototype. At this opening the vacuum was relieved 
abruptly b~ air from dowrutream and a surging of the water rook place 
in the chamber between tk gates. Fur ther  closure of the emergency 
gate rr.sulted i n  a shooting flow through the passage of the regulating 
gate structure. 

Air  admission to the chamber-Jbetween the gates resulted i n  a 
bet ter  transition from zr control of the  discharge by the regulating 
gate water passage to ar, control by the diversion gate, Pressures 
were still above atmospheric for openings of the emergency gate 
between 20 and 6 % k t .  Between gate openings oh 6 feet and 1.5 feet, 
the flaw in tire chamber %.as turbulent; bolt t h ewa te r  was discharged 
through tbc regulating gate s t ructure  without severe  subatmospheric 
pressures. Below the 1.5-foot opening, the water  passed directly 
f rom the gate through the regulating gate s t ructure  with a minimum 
of turbulence. 

An air vent into the chamber would have to  extend to the maximum 
reservoir water surface or be interconnected with the vents for the 
downstream gates and cont-rotled by a check valve (Figure 3). The 
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*,. * t st;s:*;liht:; of emtergency closure with the do&,stream gnte wide 
i:*r'xr:n w:~s.rrn;ote and the period of such operatiola so short. Pro- 
:c:r,gcri ::r,;wsation of the diversion gates, between opecings af 6 feet 
. ? Y , L ~  i ,,ti34* C ~ O S C ~  with or withaut air admissinn is nut ~~C~l:ommended a 

.. 9: i:ossiblc e;frmagc to rite drvcrsion gate by cavitation and 
: : .A: 2.n:: 02" flow in th? chamber between the: gate sectiar.~. 

0 ::it:; ?>t.,%:k?: Gsed as Diversion Sirurzttr= 

3i- - .-rzpti~g\ of model, After firm1 details far the outlet works -- 
: r ' ; : ; :  :rctermincd, sa; cheek was made to see if the pemirient parts 

. ~ 
* Cllu". 11- t -. , ,, t would be satisfi3cto~ for diverting fi& waters ,: 

-.; , _.-,sat:- ::-ucriors. The regulating gates were removed f rorn the 
..:c:, .rr.,;r: t b  diversion passages, the equivalent all 9 feet wide i 

.: -:::" 21 *bc>*%t high, were placed d~wolst~am of each of the large 

.i.. ,..-- --..- + .. . ~ a i c s  (Figure SC). Thc 25-\foot horseshoe-shaped runnel 
.%:,I. 3sl,+\ s~SiBn~g basin wetre rerained as secarrameazded for the outlet 
. c - Btxicrvations of the flow conditions for symmetrical gate 
:Xt-lrzitmn were wade for discharges ranging to the mEtximum des* 
::r,rz::::" oF 25,300 cis. The tests included discharges of 4,700, 
: ,, '.::kt, and 20,000 cfs [Figures 25, 26, 27, a d  28). 

?"lnw. ic dwwersirczn gate eiow gassages, Water f ram the diversion -- 
b - : " : ~ $ ~ , t ~ ,  I $z-uugh the 9- by 21-iraot flaw passages without execs- 

.. :-;- .; ie::.i~!t:. Fins sf water were deflected upxVard on the: s ide  
* - 

: \: tins* gcis.;;,ages just dow=trcana of the gatc sLo0s. l'tt&se f ins  
+ :-rt - r"~:r31  :rnd didf.not interfere with the flow of water thwugh the 
:s,i;+-xige, snt- the aeration oi the flow by the air ducts beatled in the 
* .t,, .', ct !SIC ciawnsrream gate frame, The passages were pizrtinllgl 
itl;rJ a: gaac openings smaller than approximately 90 percent. A 
-- &. . ~ ~ , $ t i i f : : i  ." - CQJ i l l 1  conduit conditiol~~i occurred at this opening wtithol?t 
2. :-c arargrnig or pressure chmgos, Flow sondieions lin the diver- 
< ; z r : ~  gar*;?. flow passages w e r e  satisfticltoq for all discharges, 

.- - 
: i o i ~  ZR "ransition and tunnel, The ridges of tkgatcr the tunnei 

: -:.:-- s :?le diversion gate structure w e r e  gcncrally smaller than those 
,, ;.,a , a -  ;.,ic rttgtnhting gate structure, "Phe change was attributed to the 
"l.. " ) V "  1 * . .  . -*.-stex* velocity and the fact t l s t  the inner wails of the diversian 

* * 
\. /I .,*zjir"s - ~ ~ c r e  eontinuctws with the sides of the center *wbl l  in 

: r.1.t~ a*ait.jn da%*nstream aC the diversion f low passages ( ~ n  contrast 
riVtr.t+ :. 5-icsor otfsnt at the exit of the regulating gate szructurc of 
" r D ? s -  s; 3 - e -  - ,rrx:.  .2~-9a.%s'L, Water  flowed from ttrc diversion flow passages 
;,T: *;r +,  g::%ded B y  the center walr xo the! tunnel with iattdemnec 
of tS~c ; ~ t s  ai ?he downstream end, A cmwding of the water t ~ w a r d  
tht3 ccnrer of the tunnel along tk oatside walls of the transition and 
tsrnnc? %v;~E evident (Figures 25A, 26A, and 21;A). A ridge of water 
-t2awr,i=:rs)>w of the end of the center -1 in the tnnsition had ~ u f f i -  
+-;-trt bcEgfrE to flow against the top of the tunnel for Idischarges be- 
;:*-? kr:3 25,000 and '28,300 efs (Figure 38A) but did not @tally obstruct - 1 .  B~~~~ t i  The tunnel size was adequate for a91 &charges and %yeas 
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basin chute entrance for a discharge of 28,300 cis, 

Discharging water from a single gate caused an asymmet r i ca l  
flow distribution in  the tunnel, The single  jet expaded  from the  end 
of the c e n t e r  wall in the t ransi t ion to rise upQhe ~ p p o s i t e  side of the 
tunnel and form a ridge of waterwhich reflected from s i d e  to side 
through the r enmsdcr  of the tunnel, At maximum gate opeaing, the 
flow reached the top of tcf t u n ~ e l  Bart did not prevent air passage i n  
the tunnel (Figure 2%). An unbalanced distribution of the water in 
the chute and stilling basin induced a flow eddy in the basin, 'She 
eddy did not extend brc>'~);ld the end of tbbasin and did not cause 
mater ia l  t o  be deposited on the  basin .?$.'$r. The energy  for a dis- 
charge of 15,750 cis was effectively &&iPated by the basin F i g u r e s  
29B and C). 

Flow in sbiung basin anc! exit channel, Effective ener jg  dissi- 
pation occurred in  the stilling basin for discbarges to appmldanatr&y 
20,000 cfs (Figures 25, 26, and 271. Turbulence and wave action in 
the basin increased with discharge, but only a smnlf percentage of 
the waves overtopped the training walls at this dischrge (Figures 
30A and B). The  stilling basin dividing walls stabilized the chute 
flow tor all discharges. 

Between discharges of 20,000 and 25,008 cfs the flow in  tke 
stilling basin was unstable and the jump neared the sweep-out coa- 
dition ;pa normal tail water for discharges greater than 25,000 cfs 
(F igures  288 and C). Sevese overtopping of the walls from the 
wave action (Figure 30C) w w l d  probably cause damage t o  the rip- 
rap protected backfill a t  the training walls. Erosion damage to 
the side slopes of the exit channel would occur at the cut-off walls 
and extend downstream. There u.as no evidence of in undermining 
of the basin floor but mtkr a deposit on the channel bottom of the 
materiai eroded from the side slopes. A minimum of damage to 
the exit cMnnel  of the  stilling basin will  occur if the &charge is 
Limited to approximately 20,809 cfs. 

P r e s s u r 6 s  on leaf of 9- by 20-toot diversion gates. The model 
gates were cons tmcted  from preliminary d e W k  of the gate design 
shown in Figure 35, P r e s s u r e s  w e r e  measured  on the led, at1the . 
slot, and on the  downstream frame of the model gate, The pressure 
measurements at the  gate bottom disclosed this part ob the prototype 
gate would be subjected to a subatmospheric  p r e s s u r e  equal to the 
vapor pressure of water when the gate opening was small, The sub- 
a tmospher ic  pressure occurred on the bottom of the gate leaf for 
gate openings between 8 and 0.8 foot @%gum 32A'). A contraction 
a& expansion sf the flow ( s b t t  tube flow) -&tween tke floor of the  2 
gate and the bottom p g t e  of the gate leaf caused the subatmospheric 
pressure .  Perboratioi~ of the bottom plate with twelve 2-inch holes 
placed on 8- 9.12-inch centers 12 inches domstru?am of the gate Ep 
across the width of the leaf t o  re l ieve the suhtrnosplmesic p r e s s u r e s  



p&rtial gate openingi BLir in the-tunnel can pass through the& holes 
to vent the jet under the gate. A subatmospheric pressure of 
approximately 9 feet of water occurred on the gate bottom for t k  
maximum opening of 20 feet with the gatc and exit conduit flou*ing 
Cull @?iezometer 16, Figure 32A). The prsssure wac not reduced 
sufficiently to cause cavitation tor .the wide open gate position and 
operation shouLd be satisfactory, 

Pressures  a t  woe slot deflector. A deflector at the upstream 
edge of the gate slot was designed to deflect the flow prrst,:thc gate 
slot and to prevent a subatmosphcxic pmssur t  at the downstream 
corncr of the slot. A 13-1 f 4-inch-long wedge that extended 3 inches 
out from the frame waH fornrcd the deflector, An offset, 2-118 
inches loclg by 1-912 inches wide, at the downstream end of the 
deflector facilitated the installation of a rubber seal in the proto- 
type gate, Yiczometers were located in the offset of the deflector 
at 1.25 and 10 feet above the gatc floor Figawe 32B). 

As the gate leaf was raised near Piezometer 1 the pressure 
changed from atmospheric at a I .  6-foot opening to vapor pressure 

.at a 1.8-foot opecling and back to atm(ospheric at a 2.2-foat opening. 
The pressure changed a9 Piezometer 7 from atsnospheric a t  a gate 
opening of 10.2 feet to vapor pressure a t  10.9 feet and back to at- 
maspheric at 1 1.8 feet F i g u r e  32B). 

The flow condition that caused the subatmospheric pressure 
was apparently the combined Qaw correractions of the gate leaf and 
the deflector, A separation or' the water from the surface of the 
deneetor at the upstream end of the offset was prevented by the 
f b w  down the rgate leaf, The water at the junction of the leaf and 
deflector flowed out toward the gate skot i n  a downward direction to 
close the offset and cause a subatmospheric pressure, The sub- 
rutmosp'kric pressure that occurred within the otfset moved with 
the gate and could thus be expected at approximately all gate  open- 
Lags. The pissibb exceptions being those gate positions near full 
opening where  the flow down the leaf was very smab5, With these 
pressure conditions cavitation a d  vibration would be expected to 
occur on 'the prototype. 

The a b p c  of the deflector was extended to the dowastream end 
ao eliminate the offset and, it was hopeti, the cause of the lower . 
pmssures, This deflector, 13-114 inches long and 3 inches wide 
at tbc downstream end, provided a definite spring point that would 
cslzrse tk water t~ flow across the slot (Figure: 32B). Piezometers 
1, 7, and 34 were located in the i3ownststsarn face of the deflector 
a t  1,25, 18), and 5 feet above the floor. This moriification resulte:! 
in  pressures at the deflector that were slightly subatanosphe~-it but 
satisfactory (Recommended Deflector, Figure 32B). Tke pressure 
at Piczometer 24 seemed unreasonably low s o  the reason was in- 
-vestigated, After an cx~nrmination of the surface and a study of the 
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the lower suh?mosph%rie pressure a t -~ iezorne te r  24 was caused by 
a surface irregularity on the model at the piezomerier and not to a 
flow comriitios. A deflector, 13-l/4 inches long by 3 inches wide at 
the upstream end of the slot and without an offset produced satisfactory 
flow conditions (Section V-V, Figure 31). 

P r e s s u r e s  in m t e  slot, Piezometsr 25 immediately downstream 
of the deflector on the Clmr within the gate slot  measured a subatmos- 
pheric pressure of 12 feet of water for a gate operrirPg of approximately 
3.6 feet (Figarc 32C). Yhc srrbatmospheric pressure uas apparently 
caused by an  edriy that was formed over the giezometer by the deflection 
of water Imm tlec gaze lea[ into the slot. Pressures  OR .the upstream 
side of the slat  at. P'iczometer 20 (1. $75 feet abovc the gate floor and 
5.6 inches within th slot1 indicated a slight subatrnosphede pressure 
but the pressure at'Piczmneter 22 (10,625 feet a b v c  the flcoor) wss 
above atmospheric fsr ah gate openings [Figure 32D). The pressures 
at the outside of the qrot at Piemmeters  2, 8, and 11 were a b v e  
a tmospkr ic  tc a gate,opekli.ng of appsoximate"*ry 19 feet. The pres- 
sures  at 2 and 8 mnraincd above atmospheric, bfft the pressure at 
Piemmeter I i n e a r  the top of the gate slot was reduced to 6 feet 
below atmospheric at the 20-foot opening as the conduit flawed fuU 
(Figure 33D). The slot pressures  were satisfactory because none 
of t b  subatmospheric pressures indicated a cavitation pressure. 

Pressures  on downstream gate frame, The gate f =me was 
tapered from 9 feet 3 inches wide at the downstream edge of tire 
gate slot to  9 feet Ride in a distance of 3 feet 10-11.". inches down- 
stream aP the slot, This taper, in cetrjunction with the gate slot 
defl.ector, res'tnlted in  a flow of' water across the slot to the down- 
stream f n m c ,  Pressures  rrcasured by Piezometers 3, 4, 9, and 
12 on the side of the downstream frame a t  the end of the gate slot 
and Piezomctcr 5 on the gate floor evidenced no apereciable floav 
into the slot, A slight subatmospheric pressure occurred as the toy 
of the jet from the  gatr flowed past the piczomcrer (Figure 33r9). 
The 3-inch-wide dcPlcctor q r d  the 1- 1/2-inch offset in  the down- 
stream frame with the  canverging taper to the gate width in 3 feet 
16-112 inches QT length w e r e  satisfzctory for protection of the gate 
sloi fiym=b!i ettccts of cavitation, 

The angPet at  the end of the tapered gate frame and the beginning 
of the conduit WQS small and no  subatrnosphcrie pressures occurred 
downstream at tbe junction. Piezsmcters 6, 10, and 13, located 
downstream of the junction, measused nrcssures abovc atn-os heric 
for all gate o p e n i ~ h -  (Figure 32A). The joint of tne gate franicr and 
the conduit should tif smooth to prevent cavitation oressurcs, 

-pacity of 9- bv 20-foot gates and flow passages. A calibration 
of the diversion gates and water passages disclosed sufficient capacity 
to discharge approximately 31,000 cfs for a design total head of 20 1 
feet at the gate. Thc maximum coefficient of discharge far the gates 
and passages was approximately 0.77 pigarrcr 33). 
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A. Exit Channel Topography btforr Cmsloa Test 18.75 Foot 
Dividkg W a l l s  and 4 Prelirnimry Baffle B1=-rks. Ssud 
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Cubic Fo6t to 112 Cubic Yard RPprap 
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